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LANGUAGE-RELATED WHITE MATTER TRACTS AND THEIR 
RELATIONSHIP TO LANGUAGE FUNCTION IN TYPICALLY DEVELOPING 
CHILDREN 
 
COLLEEN BUCKLESS 
 
ABSTRACT 
 
The dorsal and ventral white matter tracts believed to connect the anterior 
and posterior language cortices have been investigated in previous studies, but 
not extensively in children and adolescents. Magnetic resonance diffusion tensor 
imaging (DTI) tractography was used in order to examine the asymmetry of 
dorsal and ventral language white matter tracts of 34 typically developing 
children ages 8 to 18, and the relationship of these asymmetries with language 
development and ability. In our sample of participants, the dorsal and ventral 
tracts both demonstrated lateralization to the left hemisphere in fractional 
anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD), but not for tract 
volume or axial diffusivity (AD). We found no correlations between tract 
asymmetries and age or language level.  
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INTRODUCTION 
The changes that occur in the white matter structure of the brain coincide 
with the behavioral, cognitive, and emotional development that takes place 
during childhood and adolescence. During this time, signal transduction is 
improved as axonal diameter increases, the myelin sheathes thicken, and the 
organization of white matter tracts progresses (Barnea-Goraly et al., 2005). 
However, much is still not known about the white matter changes that underlie 
language development. The present study investigates the white matter tracts 
believed to be connected to language in typically developing children ages 8 to 
18 using magnetic resonance diffusion tensor imaging (DTI) and tractography.  
Language 
Language is lateralized to the left cerebral hemisphere in most typically 
developing adults, with a higher percentage of right-handed individuals displaying 
left hemisphere dominance in comparison with left handed individuals (Friederici, 
2009). Lateralization refers to the extent in which one hemisphere contributes to 
a specialized brain function is greater than its counterpart in the opposite 
hemisphere. When injury occurs in a region that’s responsible for a specific brain 
function, this function is impaired or lost. Language’s left hemispheric 
lateralization was demonstrated in the 19th century when Broca, Dax, and 
Wernicke discovered that brain lesions associated with loss of language function 
were located in most cases in the left hemisphere (Broca, 1861; Wernicke, 
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 1874). Broca’s area is located in the inferior frontal gyrus (IFG) of the left frontal 
lobe in the large majority of individuals and is classically associated with 
expressive language. Wernicke’s area is located in the posterior superior 
temporal gyrus (pSTG) of the temporal lobe in the left hemisphere, and is 
classically associated with receptive language or language comprehension and 
understanding.  
 
Figure 1    Broca’s area and Wernicke’s area: Broca’s area is located in the 
frontal lobe and Wernicke’s area is located in the temporal lobe of the 
dominant hemisphere in the human brain (“Types of Aphasia”) 
 
 
Broca’s and Wernicke’s areas are connected by several white matter fiber 
bundles that form tracts or streams. These specific fiber tracts are believed to be 
unique to humans and other non-human primates (Friederici, 2011). One fiber 
pathway that has been investigated dating back to 1895 is the arcuate fasciculus 
(AF), which is also commonly referred to as the dorsal language tract (Dejerine, 
1895, Geschwind, 1970). The dorsal tract is a prominent fiber bundle that 
connects Broca’s and Wernicke’s area by means of curving dorsally around the 
Sylvian fissure. This pathway runs from Broca’s area to the posterior temporal 
2
 lobe (PTL) via the superior longitudinal fasciculus (SLF), and is involved in 
auditory-motor integration by mapping acoustic speech sounds to articulatory 
representations as well as processing complex syntactic structures (Dick, Bernal, 
& Tremblay, 2013).    
More recently, in addition to the dorsal language tract, researchers have 
identified a ventral tract also connecting Broca’s and Wernicke’s area (Hickok & 
Poeppel, 2004; Hickok & Poeppel, 2000; Parker et al., 2005; Rauschecker, 
1998). The ventral pathway maps the sound-based representations of speech to 
widely distributed conceptual representations and thereby relates sound to a 
meaning. The ventral pathway specifically connects the frontal operculum (FOP) 
of Broca’s area to the anterior STG via the uncinated fasciculus (UF) and the 
extreme capsule fiber system (EFCS) (Friederici, 2011). 
 
Figure 2    Language white matter dorsal and ventral tracts: This image 
depicts the pathway of the dorsal tract (blue lines) and ventral tracts 
(purple lines) between Broca’s area (red and purple regions) and 
Wernicke’s area (green region) (Friederici, 2011). 
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 Language Development 
 Language and the ability to learn language is a trait unique to humans. 
However, language pathways are not fully formed in newborn infants and 
develop with age. For example, Perani et al. and colleagues (2011) found that a 
dorsal pathway connecting the temporal cortex and Broca’s area is not 
detectable in newborns, and the AF bundle extends only to the premotor cortex 
and has not yet extended to the IFG where Broca’s area is located. The ventral 
tract and a dorsal pathway that terminates at the premotor cortex, on the other 
hand, are present in newborns (Perani et al., 2011). This specific dorsal pathway 
that was undetected in newborns has been found to be present in children at age 
7, but is not fully matured until adulthood (Brauer, Andwander, Perani, & 
Friederici, 2013).  
 In addition, the point in which language lateralization occurs is yet to be 
fully understood. There is evidence that left hemispheric lateralization is present 
in 3 months old infants and further develops in pre-literate children (Szaflarski et 
al., 2012). One study by Holland et al. and colleagues (2007) examined healthy 
children ages 7-18 and found an increase in lateralization to the left hemisphere 
with age. However, an fMRI study failed to find any correlation between language 
lateralization and age in children ages 6-15, but these results could have been 
affected by the fact 19% of the subjects were left-handed (Wood et al., 2004).  
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 Diffusion Tensor Imaging 
Diffusion tensor imaging (DTI) is a noninvasive MRI technique that 
estimates the direction and amount of microscopic water diffusion at each voxel 
in order to measure the orientation of the white matter fibers. DTI provides 
information about the brain’s white matter anatomy and can help elucidate the 
development of white matter tracts in humans. Therefore, by using DTI it is 
possible to map the dorsal and ventral white matter tracts associated with 
language in the developing brain.  
In DTI, white matter directionality can be determined as water diffusion 
tends to parallel fiber orientation. Water diffusion is considered isotropic when it 
lacks directionality and is not constrained (i.e. in the ventricle).  However, 
anisotropy occurs when water diffusion is restricted to white matter tissues 
(Alexander, Lee, Lazar, & Field, 2007). The anisotropic property of white matter 
tracts allows the brain axonal organization to be estimated.  
The diffusion tensor is a symmetric 3 x 3 matrix that has eigenvalues (λ1, 
λ2, Iλ3) and eigenvectors (e1, e2, e3) which define an ellipsoid. The eigenvectors 
represent the directions of maximal and minimal diffusion and the eigenvalues 
measure the magnitude of diffusion. The eigenvectors are perpendicular to each 
other at the center point of the ellipsoid in which the long vector is the primary 
direction of diffusion as measured as λ1. λ1 is referred to as axial diffusivity (AD) 
and is parallel to the white matter fibers. The other two vectors represent the 
diffusion of water perpendicular to λ1 and are averaged together to produce the 
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 radial diffusivity (RD) measurement. When all three vectors are averaged 
together, this referred to as mean diffusivity (MD), which measures the amount of 
restriction of diffusion of water regardless of direction. The higher the MD, the 
less restricted the water diffusion is. MD can be used as an index of maturational 
changes in the brain (Eluvathingal et al, 2007). 
DTI: Language and Brain Development 
DTI allows the fibers between Broca’s and Wernicke’s area to be identified 
using tractography. Tractography can be used to chart the development of white 
matter tracts, including their volume, orientation, and hemispheric lateralization. 
The pattern of lateralization in children and adolescents is poorly understood in 
terms of white matter structures associated with language. The dorsal tract has 
been shown to be more likely to be volumetrically left-lateralized in children, 
adolescents, and young adults (Lebel & Beaulieu, 2009). A study by Lebel and 
Beaulieu (2009) found that the number of streamlines sent within dorsal tracts 
were lateralized to the left hemisphere in 53% of children and to the right in 22% 
of children, and that 25% of children had tracts detected only in the left 
hemisphere. Furthermore, children in this study performed significantly better on 
phonological processing and picture vocabulary tests when they possessed a 
greater number of dorsal streamlines on the left compared to children with more 
right dorsal streamlines. Lebel and Beaulieu (2009) found no significant age 
effect on lateralization meaning that lateralization is present in childhood and 
later is maintained into adulthood. There is also evidence that ventral tract is 
  6
 lateralized to the left hemisphere, but to a lesser degree than the dorsal tract 
(Hickok & Poeppel, 2004). However, the developmental course of volumetric 
lateralization of the language tracts requires further investigation.  
Associations between age and changes in AD, FA, MD, and RD values 
may also help to elucidate the brain bases of language development. In prior 
research, FA has been found to increase with age, while MD and RD have been 
found to decrease with age in white matter fibers (Eluvathingal et al., 2007). 
These changes in white matter microstructure are believed to reflect the 
maturation and myelination of the axon bundles comprising white matter tracts. 
However, white matter language tract results have been unclear concerning the 
relationship between tract myelination and language development with age. 
Previous studies have shown evidence that dorsal tract FA values increase with 
age (Barnea-Goraly et al., 2009; Lebel, Walker, Leemans, Phillips, & Beaulieu, 
2008). In addition, a pilot study of ten 11-16 year old typically developing children 
found that FA increases and RD decreases with age in the dorsal tract, but there 
are no detectable changes in MD, AD, or volume values with age (Fletcher et al., 
2010).  
In the present study, we examined asymmetries of the volumes and 
microstructural properties of the dorsal and ventral white matter tracts, and their 
relationships to language function, in typically developing children and 
adolescents.  Based on prior findings, we expected to find leftward volumetric 
asymmetry of both dorsal and ventral tracts.  With regard to microstructure, we 
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 expected that FA would be leftwardly lateralized, whereas MD and RD would be 
rightwardly lateralized. A greater FA value represents greater directional 
orientation of the tracts.  In contrast, MD and RD reflect reduced directionality of 
white matter tract.  The greater MD, the less restricted the water diffusion is to 
the white matter tracts. Likewise, high RD reflects an increase in white matter 
fibers that are perpendicular to the primary direction of the diffusion.  Finally, we 
expected leftward asymmetries of volume and FA and rightward asymmetries of 
MD and RD to be positively correlated with language ability. 
METHODS 
Participants were 34 typically developing (TD) children and adolescents 
between the ages of 8 and 18 years. Participant characteristics are displayed in 
Table 1. All participants were right-handedness as measured with the modified 
version of the Dean Laterality Preference Schedule (Dean, 1988; Piro, 1998). 
Verbal and nonverbal IQ were assessed with the Kaufman Brief Intelligence Test 
– 2nd edition (KBIT-2 – A. S. Kaufman & N. L. Kaufman, 2004).   
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 Table 1    Characteristics of participants (N = 34) 
 Mean (SD) Range 
Age 12;6 (2;9) 8;4 - 18;5  
Sex (M/F) 25/9 
Handednessa 18.6 (4.8) 9 - 24 
Verbal IQ 115.9 (14.8) 87 - 152 
Nonverbal IQ 111.1 (11.9) 85 - 135 
a -24=complete left-handedness; 24=complete right-handedness  
 
 
Language abilities were assessed with the Nonword Repetition (NWR) 
subtest of the Comprehensive Test of Phonological Processing (CTOPP –
Wagner et al., 1999) and with the Clinical Evaluation of Language Fundamentals 
– 3rd Edition (CELF-3 - Semel et al., 1995). The CTOPP was administered as a 
measure of phonological processing ability, which has been hypothesized to be a 
function of the dorsal language tract (Lebel & Beaulieu, 2009). The CELF-3 is an 
omnibus test of expressive and receptive language, which measures semantics, 
grammatical morphology and syntax. The ventral language tract has been 
proposed to play an important role in semantic processing and word learning 
(Brauer et al., 2013). Glasser and Rilling (2008) have proposed a dual pathway 
model of language processing in which the dorsal and ventral tracts subserve 
lexico-semantic processing and phonological processing, respectively. Table 2 
9
 displays standard scores and age equivalent scores from the CTOPP and CELF-
3. 
Table 2    Language abilities  of participants (N = 34) 
 
Standard Score 
Mean (SD) 
Range 
Age Equivalent  
Mean (SD) 
Range 
CTOPP 
8.6 (2.8) 
4 - 16 
8;9 (3;5) 
5;0 – 14;8 
CELF-3 Expressive 110.2 (10.8) 
88 - 129 
Not available 
CELF-3 Receptive 
110.5 (14.1) 
69 - 131 
Not available 
CELF-3 Total 
111.4 (12.1) 
76 - 130 
10;5 (1;8) 
7;2 – 17;3  
Procedures 
 All data were collected in compliance with the Boston University School of 
Medicine Institutional Review Board. For participants under 18 years old, both 
parent or guardian and participants were informed of the procedures, and written 
consent was obtained from the participant’s parent or guardian prior to 
participation in the study. Participants 12 years or older gave written assent prior 
to study participation.  
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 MRI and DTI acquisition 
All imaging data were collected using a 6 channel phase arrary receiver 
coil on a Philips 3 Tesla Intera scanner. An anatomical high-resolution scan was 
acquired with the following parameters: 3D magnetization-prepared rapid-
acquisition gradient-echo (MP-RAGE) imaging; TR/TE/TI=7.1/3.4/885.4 ms; flip 
angle=8.00°; FOV=230.00 × 230.00 mm; 120 contiguous 1.5 mm axial slices; 
matrix=256 × 256; image resolution=0.90 × 0.90 × 1.50 mm. Three DTI 
sequences were acquired with the following parameters: single-shot spin echo 
planar imaging (SE-EPI); TR/TE=10686/91.00 ms; FOV=230 × 230 mm; 73 
contiguous 2.0 mm axial slices, b-value=1,000 sec/mm2; 15 gradient directions+1 
reference image (b=0); matrix=128 × 128; image resolution=1.8 × 1.8 × 2.0 mm. 
The scan time for the anatomical scan was approximately 6 minutes, and each 
DTI sequence was approximate 3.5 minutes. The total scan equaled 
approximately 20 minutes. 
DTI Analyses 
 Each of the DTI acquisitions were corrected for motion, co-registered and 
averaged to improve the signal to noise ratio. The resulting averaged DTI 
datasets were analyzed using the FMRIB Diffusion Toolbox (FDT version 3.0) of 
the FSL software package (version 5.0.2.1) (Smith et al., 2004; Woolrich et al., 
2009). The methods used in order to correct for eddy current distortion and 
motion as well as remove non-brain tissue have been described in prior 
publications (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens, 
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 Johansen-Berg, et al., 2003; Behrens, Woolrich, et al., 2003). In short, the BET 
tool within FSL was used to remove the non-brain tissue from the diffusion data 
and was followed by the diffusion data being corrected for eddy current 
distortions and head motion that occurred during acquisition using affine 
registration to the first volume (Smith, 2002).  
Probabilistic diffusion model was applied in order to track long-range fibers 
connecting anterior and posterior language cortices (Joseph et al., 2014). In 
order to do this, first BEDPOSTX was applied to the DTI datasets to create 
Bayesian estimates of the fiber orientation distributions at each voxel. The total 
anterior and posterior language cortical labels were created using Freesurfer 4.1 
which then were used as the seeding points for probabilistic tractography in each 
hemisphere. FDT’s probabilistic tractography algorithm generated connectivity 
distributions between the anterior and posterior language cortices labels in order 
to model pathways. This algorithm samples the distributions on voxel-wise 
diffusion directions repeatedly and retain only tracts that passed through both 
labels. The output provided a connection probability image where the value for 
each voxel equaled the sum of the connectivity distributions from each seeding 
point. 
 Before extracting the volumes and microstructural properties from each 
tract, the connectivity distributions were normalized and a constant threshold was 
applied. For volumes, each voxel in the connectivity distribution of each 
hemisphere was first divided by the sum of the number of voxels in the anterior 
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 and posterior labels multiplied by 5000 (number of steamlines sent per voxel) in 
order to normalize the tracts. By normalizing the tracts, this account for individual 
differences in seeding label size. A threshold of 1 X 10-6 % was applied to the 
normalized tracts (Rilling et al., 2008), which was intended to account for 
differences in the volume of language-related cortices. This allows for a better 
evaluation of differences between the volumes of the tracts. For microstructural 
properties of the pathways, a second method used to normalize the connectivity 
distributions by dividing the connectivity distributions by the corresponding 
number of successful tracts between the seeding points. A threshold of 0.1% was 
then applied to the normalized tracts. 
The normalized and thresholded tracts obtained from the volume and 
microstructural properties methods were binarized and multiplied by the 
participant’s FA map. Mean volume was calculated for dorsal and ventral tract in 
each hemisphere. To ensure that only white matter voxels were included in our 
calculations, a white matter mask was extracted from Freesurfer for each 
participant, and calculations were limited to only those voxels within the confines 
of that mask. Mean FA, MD, AD, and RD of the left and right dorsal and ventral 
racts were then calculated.  t
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 RESULTS 
 Paired-samples t–tests were used to determine if there were significant 
differences between volume and microstructural properties of the left and right 
language tracts. Volumes were corrected for total intracranial volume (mm2) to 
account for differences in brain size. As shown in Table 3, there were no 
significant differences found between the left and right volumes of the dorsal tract 
or between the left and right volumes of the ventral tracts in both the analyses 
corrected for ICV and uncorrected for ICV. In contrast, as can be seen in Table 4, 
significant differences were found between the left and right microstructure, 
including FA, MD, and RD, of both the dorsal and ventral tracts. The FA values 
were significantly greater in the left hemisphere, and MD and RD are significantly 
greater in the right hemisphere. It is expected that FA and AD would be greater in 
the left hemisphere because these are associated with greater amount of white 
matter fibers orientated parallel to the dorsal and ventral tracts. In addition, MD 
and RD values are presumed to be reduced in the left hemisphere relative to the 
right hemisphere, meaning water diffusion is more restricted and fewer fibers are 
perpendicular to the main tracts. There were no significant differences of AD 
between the left and right dorsal or ventral tracts.  
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 Table 3    Dorsal and ventral tract volumes (N = 34) 
 Left 
Mean (SD) 
Right 
Mean (SD) 
t (33), p 
Dorsal tract* 89.7 (34.1) 96.0 (80.8) .46, .65 
Ventral tract* 14.4 (50.9) 13.8 (71.6) .552, .585 
Dorsal tract corrected** .057 (.022) .060 (.049) .372, .712 
Ventral tract 
corrected** 
.092 (.035) .089 (.052) .471, .641 
*cm3 
**Corrected for ICV 
 
 
 
 
Figure 3    Individual corrected volumes and asymmetries of dorsal and 
ventral tracts: Each dot in each plot represents an individual volume. The 
diagonal line represents symmetry between the left and right hemisphere. 
Increased distance from the diagonal line indicates increased asymmetry. 
Volumes above the line indicate rightward asymmetry and volumes below 
the line indicate leftward asymmetry.  
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 Table 4    Dorsal and ventral tract microstructures (N=34) 
 Left 
Mean (SD) 
Right 
Mean (SD) 
t (33), p 
Dorsal FA* .338 (.031) .319 (.025) 4.278, .000 
Ventral FA*  .342 (.029) .318 (.028) 6.268, .000 
Dorsal MD* .000759 (.000027) .000772 (.000029) 3.187, .003 
Ventral MD* .000773 (.000025) .000782 (.000026) 2.257, .031 
Dorsal RD* .000599 (.000031) .000614 (.000026) 4.824, .000 
Ventral RD* .000608 (.000028) .000626 (.000029) 5.051, .000 
Dorsal AD* .001082 (.000033) .001076 (.000037) 1.226, .229 
Ventral AD* .001088 (.000064) .001083 (.000064) .715, .480 
*mm2/s 
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Figure 4    Individual microstructures and asymmetries of dorsal and 
ventral tracts: Each dot represents an individual microstructural property. 
17
 FA in the left and right hemispheres is measured in mm2/s, and MD, RD, 
and AD are measured in 1X10-3 mm2/s. Each diagonal line represents 
symmetry between the left and right hemisphere. Increased distance from 
the diagonal line indicates increased asymmetry. Dots above the line 
indicate rightward asymmetry and dots below the line indicate leftward 
asymmetry.  
 
In order to assess the relationships between left-right asymmetries of tract 
volume and microstructure asymmetry quotients (AQ) were calculated.  AQs for 
mean volume and microstructural properties were calculated for each participant 
using the following formula:  (Left hemisphere–Right hemisphere)/[(Left 
hemisphere+Right hemisphere) x 0.5]. This formula yields positive values for 
leftward asymmetry and negative values for rightward asymmetry. Table 5 shows 
that volume, FA and AD are leftward asymmetric in both tracts, and MD and RD 
are rightward asymmetric in both tracts.  
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 Table 5    Asymmetry quotients (N = 34) 
 
Dorsal Tract  
Mean (SD) 
Range 
Ventral Tract 
Mean (SD) 
Range 
Volume 
.124 (.655) 
-1.24 – 1.56               
.112 (.451) 
1.08 – .999 
FA 
.055  (.074)  
-.076 - .238                
.073 (.066) 
-.064 - .199 
MD 
-.012 (.017)              
-.057 –.02                
-.013 (.176) 
-.078 – 0.055 
AD 
.006 (.026) 
-.066 – .062 
.004 (.037) 
-.083 - .119 
RD 
-.029 (.026)  
-.075 - .032                
-.029 (.025) 
-.084 - .008 
  
 
 Pearson product-moment correlations (r) were conducted to assess 
associations between language ability and volumetric and microstructural 
asymmetries (AQs) of the dorsal and ventral language tracts.  Given normative 
language asymmetry patterns, we expected volumetric and FA AQs to be 
positively associated with language level, and MD and RD AQs to be negatively 
associated with language level. However, there were no significant correlations 
found between age-equivalent language scores and volumetric or microstructural 
asymmetries of the dorsal or ventral tracts. See Tables 6 and 7.  To determine if 
lower language functioning at any age within our sample was associated with 
aberrant asymmetry of the language tracts, similar correlations were conducted 
with age-corrected standard language scores. However, once again, no 
19
 associations were found.  In addition, there were no associations between age 
and volumetric or microstructural AQs of the dorsal and ventral tracts.  See 
Tables 8 and 9. 
Table 6    Pearson product-moment correlations (r) between 
language ability and dorsal and ventral tract volumes 
 CTOPP  Age Equivalent 
CELF-3  
Age Equivalent 
Dorsal tract .005 .091 
Ventral tract -.217 -.033 
*p < .05 
 
Table 7    Pearson product-moment correlations (r) between 
language ability and dorsal and ventral tract microstructure 
 CTOPP Age Equivalent 
CELF-3 
Age Equivalent 
Dorsal FA -.060 -.218 
Ventral FA  -.091 .301 
Dorsal MD .099 .138 
Ventral MD -.271 -.144 
Dorsal RD .002 .185 
Ventral RD -.268 -.263 
Dorsal AD .112 -.039 
Ventral AD -.179 -.025 
*p < .05 
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 Table 8    Pearson product-moment correlations (r) between 
age and dorsal and ventral tract volume AQ 
 Age 
Dorsal Volume .020 
Ventral Volume .099 
*p < .05 
Table 9    Pearson product-moment correlations (r) between 
age and dorsal and ventral tract microstructure AQ 
 Age 
Dorsal FA -.160 
Ventral FA  .248 
Dorsal MD .178 
Ventral MD .091 
Dorsal RD .177 
Ventral RD -.053 
Dorsal AD .047 
Ventral AD .146 
*p < .05 
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 DISCUSSION 
  We examined asymmetries of the volumes and microstructure of the 
dorsal and ventral white matter tracts, and their relationships to age and 
language function, in typically developing children and adolescents.  We discuss 
each of our findings below. 
Lateralization of the volume of language tracts 
In this study, volumetric lateralization was not found to be significant for 
either the dorsal or ventral tracts. Volume in both language tracts demonstrated 
left lateralization according to AQ, but the difference between the left and right 
hemisphere was not significant (see Figure 3). Lateralization to the left 
hemisphere has been found in previous adult studies in both the dorsal and 
ventral tract (Parker et al., 2005; Friederici, 2009). In children, studies have 
shown leftward lateralization in the dorsal tract, but there have been no studies to 
our knowledge that have reported the lateralization of the ventral tract (Fletcher 
et al., 2010; Holland et al., 2007; Joseph et al., 2014, Lebel & Beaulieu, 2009; 
Szaflarski et al., 2012).  
The reason for a lack of significance between the left and right 
hemisphere may have been because outliers were present in the right 
hemisphere. Looking at individual dorsal tract volumes, there were a few 
participants who displayed strong right hemisphere asymmetry, but the rest of 
the participants’ dorsal volumes show left hemisphere asymmetry (see Figure 3). 
The individual ventral tract volumes also contained a few outliers, but not as 
  22
 frequently compared to the dorsal tract volumes. The specific language 
characteristics of these outliers will be worthy of further consideration.  
Another explanation for our results could be our methodology. It may be 
that probabilistic tractography was less sensitive than other DTI tractography and 
anatomical methods that have been used to detect differences between the left 
and right language tracts. In addition, the connectivity threshold we used may 
have been too low to detect differences between the volumes of the left and right 
tracts. 
Lateralization of the microstructure of language tracts 
FA was significantly greater in the left hemisphere than the right 
hemisphere in both tracts, which means directional orientation of the tracts were 
greater in the left hemisphere. MD and RD showed greater values in the right 
hemisphere than the left. For MD, this means that water diffusion is more 
restricted on the left hemisphere in the language tracts. A greater RD on the right 
hemisphere means that there are more white matter fibers that are perpendicular 
to the primary direction of the diffusion.  
These results resemble those from a previous study by Fletcher et al. 
(2010) investigating dorsal tracts in ten typical children and adolescents. In their 
study, volume and FA were lateralized to the left hemisphere, and MD and RD 
were lateralized to the right. To our knowledge, no other publications have 
reported microstructures of the ventral tract so it is difficult to know how these 
results compare with previous studies.  
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 The relationship between age and language tracts 
 Age and language tracts did not demonstrate a correlation in this study. 
However, a previous study found FA increases and RD decreases with age in 
typical children and adolescents in the dorsal tract, but caution should be taken in 
interpreting these results due to the sample size being small (n=10). The same 
study didn’t reveal changes in MD, AD, or volume values with age (Fletcher et 
al., 2010).  
An explanation for the lack of correlation could be that the point of 
detectable changes in language white matter tracts occurs earlier in 
development. Brauer et al. and colleagues (2013) identified ventral tracts in 
newborns, consistent with their hypothesis that the ventral tracts play an 
important role in early language development. The dorsal tracts, however, 
appear to develop with higher-level language processing that occurs later in 
maturation. In fact, one study found that not all of the dorsal tracts are present in 
newborns, but are later present in children at age 7 and only become fully 
matured in adults (Brauer et al., 2013). This could mean that maturation of the 
ventral tracts occurs earlier in development than the age range of the children we 
studies, explaining our failure to find any effects of age.  In addition, the absence 
of a correlation between age and dorsal tract development in this study could be 
due to the fact that the maturation of the dorsal tracts is protracted over time, and 
would require a wider age range to detect.  
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 The relationship between tract asymmetry and language ability 
 The lack of significant correlations between the dorsal and ventral tracts is 
inconsistent with a previous study by Nagae et al. (2012), who found a significant 
negative correlation between dorsal MD values and language function The 
CELF-3 yields an omnibus measure of multiple aspects of language, which may 
have prevented us from finding associations between more specific aspects of 
language and, for example, tract microstructure.  Surprisingly, there were no 
correlations found with the CTOPP, which tests for phonological processing 
ability. This may have been because the CTOPP is largely a diagnostic marker 
for language impairment, and is thus more sensitive to a lower range of 
performance not represented in our typically developing (i.e., non-language-
impaired) sample. 
C
  The dorsal and ventral language tracts in children and adolescents appear 
to be lateralized, at least with regard to microstructure. However, because there 
were no correlations found between language ability and age with language 
tracts, we cannot conclude that this lateralization is directly related to language 
development. Further studies need to be conducted in order to determine the 
dorsal and ventral tracts relationship with language development and the role 
they play in language function.  
onclusion 
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